This work presents a numerical study of a premixed turbulent combustion behind slit bluff-body by Large Eddy Simulation (LES) and Composition PDF Transport (C-PDF) with detailed mechanism, the main focus is placed on the blowout analysis. Different flow and combustion structure is observed, two different sizes recirculation zones (RZ) are formed because of the gap flow; a V shape high temperature area exists behind slit bluff-body as a pilot flame. The blowout process was analyzed by time sequence of instantaneous temperature fields. It can be seen as the process of two small bluff-bodies strongly coupled by the gap flow. Both RZs began to shed a von Karman (vK) vortices street and the large vortex shedding from big RZ will swallow the small one from small RZ and form a larger vortex. Localized extinction exists both along the shear layer and behind the gap. The small RZ will blowout firstly once the shear layer and gap extinction meet, and then will the big RZ. The predicted blowout limits indicate that the blowout limit can be significantly improved at an optimal ratio of slit width. In addition, the influence of inlet velocity and temperature was predicted, the results show that enough energy produced by the V shape high temperature area to sustain the flame is the most important factor on the performance of the blowout.
INTRODUCTION
Propulsion system such as afterburner of gas turbine engines routinely includes bluffbody for stable combustion in high-velocity reacting flows. However, bluff-body can easily induce flame instability when the equivalence ratio approaches the flammability limit, undesirable dynamics begin to occur and such perturbations may lead to blowout conditions. So there is a very important academic value and applied background to understand the process and predict the limit of blowout.
The basic structure of the flow field behind bluff-body in non-reacting and reacting conditions is well known by a large number of literatures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Fujii et al. [1] carried out experiments to study aerodynamic characteristics of cold flow behind a twodimensional nozzle and bluff-body combination, the flow velocity observations were successfully obtained by use of a laser velocimeter. Nakamura et al. [2] studied vortex shedding frequency of bluff-body with different after-body shape. Prasad and Williamson [3] found the structure of the bluff-body flow field consists of three regions: the boundary layer along the bluff-body, the separated free shear layer, and the wake. Later, Williamson and Govardhan [4] discussed fundamental results and discoveries concerning vortex-induced vibration (VIV) behind bluff-body at non-reacting condition, and different vortex wake modes were summarized for better understand of vortex shedding mechanism. Although vortex dynamics (von Karman vortices) have been extensively investigated in non-reacting flows, there are significant differences in reacting condition, especially near blowout limit. In reacting conditions, the high frequency Kevin Helmholtz (KH) shear layer instability dominates the flow field instead of von Karman (vK) vortices due to the dilatation and baroclinic effects on vorticity [5] . when the equivalence ratio approaches the blowout limit, the low frequency vK shedding appears again and plays a dominant role in the blowout mechanism [6, 7] . Recently, time resolved chemiluminescence imaging and simultaneous PIV and OH PLIF were used to investigate the final blowout mechanism and limit in bluff body stabilized turbulent premixed flames [8] [9] [10] . They all found that local flame extinction caused by high local stretch rates is the major factor that determines the final blowout event. Following shear layer extinction, fresh reactants entrain through the shear layers to react within the recirculation zone. When the heat release becomes insufficient to ignite the incoming unburned mixture, the global flame extinction occurs, this extinction and re-ignition event can happen repeatedly before final blowout. On the other hand, there are extensive literatures available that quantify blowout limits as a function of approach flow velocity, fuel type, stoichiometry, vitiation levels/dilution, pressure, temperature, blockage ratio, and bluff body shape [11] .
With the development of computational fluid dynamics (CFD) simulations and computational power, it has received more attention due to its high efficiency and economic advantages, compared with doing experiment. Reynolds Average Navier Stokes (RANS) turbulent models are widely used in turbulent combustion in the past few years. However, the RANS models have intrinsic limitations that it only resolves the average flow characteristics. Since flow past bluff-body is highly transient in nature, Large eddy simulation (LES) coupled with appropriate sub-grid scale (SGS) models has been used in recent years [12] [13] [14] [15] [16] [17] [18] . Compared to Direct Numerical Simulation (DNS), the description of small scales is lost, whilst, compared to RANS, the instantaneous largescale fluctuations are resolved [12] . A comparative study by Kim et al. [13] shows that LES modeling can predict the unsteady nature of bluff-body stabilized flames more accurately than RANS models. Smith et al. [14] compared the experimental and simulated image near blowout behind a V-gutter flame holder using LES model, the basic flame structure can be captured. In addition, a suitable combustion model is also needed due to the strong coupling of turbulence and chemistry. Gokulakrishnan et al. [15] simulated the bluff-body stabilized premixed flame at stable and blowout conditions using LES and probability density function (PDF) model with reduced chemical kinetic mechanism. The simulation results from the LES-PDF approach predicted the experimental data fairly well including the blowout conditions. Further, Baudoin et al. [16] examined the predictive capabilities of different combustion models with LES: one flamelet model and four finite rate chemistry models. Cocks et al. [17] studied the impact of numeric on the LES solution. Four different LES codes were used to simulate the bluff-body stabilized flame, results indicate that all codes effectively reproduce the nonreacting flow, but not so satisfied in the reacting case. Later, the impact of grid dependency and the interaction of numerical errors were discussed. Thus, influence factors should be taken into account and the accuracy of the model study is needed [18] .
In this paper, LES is used with composition PDF approach to simulate slit bluff-body stabilized premixed flames. Du et al. [19] investigated the influence of different gap ratios on the coherent structure and detailed analysis on the wake has been reported by PIV measurements at non-reacting condition. The feature of flame stabilization of a V-shaped flame holder with a slit have been investigated preliminarily [20, 21] , the slit bluff-body has better flame holding ability. However, the research of the blowout process and mechanism has not been thoroughly explored through the existing researches. So the aim of this ongoing research is to study the mechanism of stable combustion compared with traditional bluff-body, the lean and rich limit was predicted with different gap ratios to study the flame holding ability. At last, the transient behavior from stable combustion to blowout was simulated to better understand these unsteady processes of slit bluff-body flame.
GOVERNING EQUATIONS AND MODELING

Turbulence model
In LES we separate the large energy containing eddies by applying a spatial filter and resolve only large eddies while modeling the small (sub-grid) eddy structures. The governing equations are the spatially filtered incompressible mass, momentum and passive scalar equations and can be written as:
where u i , ρ, ν, c, σ denote the velocity, density, pressure, kinematic viscosity, passive scalar concentration, and laminar Schmidt numbers, and the strain rate tensor, with (4)
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is the rateof-strain tensor for the resolved scale defined by (6) In this paper, the Smagorinsky-Lilly model was used for m t . This simple model was first proposed by Smagorinsky [22] . In the Smagorinsky-Lilly model, the eddyviscosity is modeled by (7) where L s is the mixing length for sub-grid scales and . In ANSYS FLUENT, L s is computed using (8) where k is the von Kármán constant, d is the distance to the closest wall, C s is the Smagorinsky constant, and V is the volume of the computational cell.
Lilly derived a value of 0.17 for C s for homogeneous isotropic turbulence in the inertial sub-range. However, this value was found to cause excessive damping of largescale fluctuations in the presence of mean shear and in transitional flows as near solid boundary, and has to be reduced in such regions. In short, C s is not a universal constant, which is the most serious shortcoming of this simple model. Nonetheless, a C s value of around 0.1 has been found to yield the best results for a wide range of flows
Combustion model
In the transport PDF approach, species concentration and specific enthalpy are treated as random variables, and the transport of their joint PDF rather than their finite moments is considered. Once the PDF is determined, the mean of any quantity can be evaluated exactly from the PDF, if it is a function of the species concentration and/or specific enthalpy.
The composition vector is defined as Ψ ≡ (Ψ 1 , Ψ 2 , ...., Ψ ns , Ψ h ) T . where Ψ 1 , Ψ 2 , ...., Ψ ns are species mass fractions and ns is the number of species, and Ψ h is the specific enthalpy of the mixture. The sub-model calculates the local one-point, one-time, joint composition PDF ƒ ϕ . The transport equation for ƒ ϕ can be derived from the general equations for conservation of species mass fraction and energy for low-Mach-number flow. Following the procedure outlined by Pope [23] , the transport equation for ƒ ϕ can be expressed as (9) where ρ, , uЈЈ, S, , denote density, mean velocity, turbulent fluctuation velocity, chemical reaction source term, diffusion flux and radiation heat flux, respectively. The notation of is the expectation of the conditional probability of event A, given that event B occurs. All terms on the left-hand-side of Equation appear in closed forms. The first term on the right-hand-side represents transport in composition space due to molecular mixing. The second term represents transport in physical space due to turbulent velocity fluctuations. The third term represents transport in composition space due to radiation heat loss. In this work, the will be used in the present simulation to close the first term. EMST is a complicated particle-interaction model designed to overcome shortcomings of IEM model. A full description of the EMST model can be found in Subramaniam and Pope [24] .
Reaction mechanism
The DRM19 chemical mechanism [25, 26] was used in this work to describe the combustion of natural gas which is a subset of the GRI-Mech 1.2 full mechanism, with 19 species and 84 reactions, developed to obtain the smallest set of reactions needed to closely reproduce the main combustion characteristics predicted by the full mechanism.
EXPERIMENT VALIDATIONS FOR MODEL ACCURACY
In order to validate the accuracy of the mathematical model, the experiment data of a turbulent lean premixed combustor carried out by Nandula et al. [27] was used. The measurements were performed in a bluff-body stabilized turbulent combustor burning premixed methane/air at an equivalence ratio of 0.586. The turbulent and combustion models adopted in this paper for validation are as follows: RANS and Eddy-Dissipation Concept Model (EDC), LES and EDC, LES and C-PDF model. Figure 1 shows comparison results of time-averaged temperature, major species predictions and measurements at three axial locations: x/d = 0.3, 1, 6. In this case, discrepancies between different models are remarkable. The results show small difference in the temperature near the bluff body for the RANS-EDC and LES-EDC model, but almost 100K higher than LES-PDF model; the EDC results show a slightly
International journal of spray and combustion dynamics · Volume . 7 · Number . faster reaction rate and a great temperature gradient at the combustor exit x/d = 6. For the product of combustion, h2o and co2, they are well predicted behind the bluff body, but at x/d = 6, the LES-PDF actually gives a better prediction. Figure 2 shows timeaveraged temperature prediction of different models. It becomes more obvious that the predicted flame shape is wide and the temperature is lower using LES-PDF. As we know, the EDC model could predict the temperature field well because it can adopt the detailed chemistry mechanism, but it ignored the interaction between turbulence and chemical reaction, so this model can not accurately predict the OH mass fraction [28] . The accuracy of the concentrations estimation of the minor species OH has a very important effect on ignition, extinction and the flame spread, so the LES-PDF model is the most reasonable one in this paper, the prediction is improved as observed, especially at the shear layer zone. In addition, the Volvo Aero Corporation(VAC) Triangular Bluff Body Stabilized Combustion rig VR-1 was used for the numerical simulation with the same models in our paper, Large Eddy Simulation (LES), Smagorinsky sub-grid model and Composition PDF Transport (C-PDF), for the rms comparisons. Air and propane premixed gas is used in experiment study. The total mass flow rate is about 0.6kg/s and the equivalence ratio is ϕ = 0.65 [29] . Comparison of temperature distribution at special position X = 0.15m (stable combustion zone) was analyzed. From the figure 3 , it can be seen that at low temperature zone, the numerical result agrees well with experiment data, but the maximum temperature is a little higher, this is mainly because endothermic radicals reactions are missing when using two-step reaction and sub-grid scale model for LES. The most important point, comparison of mean velocity and rms values of Ux at special position X = 0.061m (in the recirculation zone) was carried out, shown in Figure 4 and 5. The accurate agreement with experimental data is mostly attributable to the ability of the LES with C-PDF model. 
Figure 3:
Comparison of temperature distribution at special position X = 150mm.
GEOMETRICAL MODEL
A schematic of the computational domains with the boundary conditions used for the simulations are presented in Figure 6 . The slit bluff-body is in the middle of a confined duct. The dimensions of the computational domain are also shown in Figure 3 , the side dimension D of bluff-body is 40mm, and gap width G varies from 0 to 10%, 20%, 30%, 40%D. A uniform velocity stream U (10m/s) is immersed into the tunnel, the equivalence ratio of air and methane mixture is at φ = 0.65. The definition of equivalence ratio is φ = (A/F) stoic /(A/F), where A and F denote the air and fuel mass flow rate. In addition, the inlet temperature is 920K and the operating pressure is 152KPa. The Reynolds number is nearly 50,000 based on the bluff-body dimensions and inlet velocity. Geometry structure of slit bluff-body burner.
VALIDATIONS OF INDEPENDENCE OF GRID SIZE AND TIME STEP
Typical mesh used for modeling and simulation are shown in Figure 7 . Structured mesh is used throughout the computational domain and the boundary layer of bluff-body is refined. The non-uniform-structured mesh stretch factor never exceeds 1.2. The grid and time scale independence research has been performed to determine the optimal grid and time step with a good accuracy for simulation. The grid size changes from 0.5mm to 2mm (the corresponding cell amount varies from 1.5e + 5 to 2.0e + 4) and the time step varies from 2.5e-05s to 1e-04s. The area-averaged temperature and velocity along the center line have been examined to determine the grid and time independence. Figure 8 and Figure 9 show the effect of mesh size and time step on numerical results of velocity and temperature. According to the results, it can be seen that the temperature and velocity difference is almost the same until the grid size and time step reach to 1mm and 5e-05s, respectively. Therefore, the grid size of 1mm (cells amount 8e + 4) and the time step of 5e-05s were used to simulate the flow field.
RESULTS AND ANALYSIS 6.1. Flow structure analysis
According to our LES results and the references [30] , the gap flow shows obvious asymmetric in the wake flow field, it deflects up and down at a regular interval. The conversion period of gap flow direction is very long. In our simulation of cold flow
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Overall structured+Refined boundary layer mesh
Figure 7:
Typical mesh used for numerical simulation. field, we focus on the different flow structures of traditional and slit bluff-body, so our average sample time is set in 20 periods of fluctuation, shorter than the conversion period of gap flow direction. Thus, the streamline field in Figure 10 for "slit bluff-body" is asymmetric, which is the most outstanding characteristic in the wake flow field of slit bluff-body. The gap flow divides the near wake into two recirculation zones, the big one is called the BRZ, the small one is called the SRZ. The BRZ is longer than double RZ at G/D = 10%. The velocity between bluff-body and wall increases, so the capacity of crispation is diminished and the convergence point of mainstream moves downstream, thus the recirculation zone becomes longer. With the increasing of gap width, the length of BRZ becomes short and the SRZ becomes long. For the G/D = 40%, the size of two RZ are almost same according to the simulation. The lift (Cl) coefficient of traditional and slit bluff-body was shown in Figure 11 . It is easily seen that the overall fluctuation trend of slit bluff-body is similar to the traditional except for some slight fluctuations. This is mainly due to the vortex shedding mechanism of slit bluff-body: As previous analysis, there are a large vortex street and a small vortex pair behind the slit bluff-body. The overall trend is controlled by the large shedding vortex and it will affect the gap flow deflection angle and the relative position of small vortex pair. The periodic change of vortex will cause the pressure fluctuation. When the lift caused by large and small vortex is in the same direction, Cl amplitude is strengthened; on the contrary, the Cl amplitude is weakened and some slight fluctuations can be seen. Figure 12 shows the temperature and vorticity field of traditional and 10% slit bluff body at stable combustion condition. Both flames are now attached to the flame holder. For the traditional bluff-body flame, BVK shedding is quite apparent. In contrast, for the slit bluff-body flame, similar to the cold flow field, the flame is divided into two parts. BRZ sheds a large vortex street, whereas SRZ has a small vortex pair, the vortex shedding cannot be seen. When the vortex of BRZ and SRZ has the same size scale and moves closer to each other, the amalgamation of two vortices of the same direction can be found. Therefore, the larger vortex exists above the center line of computational domain. From the time average temperature field, M shape flame-front can be found, which is different from the flame of slit bluff-body. Due to the gap flow, the high temperature zone becomes smaller, but there exists a V shape high temperature area and it becomes a pilot flame. So the fresh gas mixture along the edge of RZ can be heated and ignited, which is an important factor on the flame holding ability. There is no disconnecting area of high temperature behind slit bluff-body comparing with point A and B, which is good for complete combustion and high efficiency. What's more, the turbulence vorticity behind bluff-body is increased by the effect of the flow through the gap and it is beneficial to high intensity of heat exchange between combustion product and unburned mixture.
Blowout process analysis
The transient behavior from stable combustion to blowout was simulated to better understand these unsteady processes of slit bluff-body flame. Based on the stable combustion condition at φ = 0.65, the inlet equivalence ratio drops to φ = 0.1 for lean blowout condition. For fully premixed flames, OH* chemiluminescence gives reasonable information concerning the heat release rate, it can be used as a good indicator of the location of transition from unburned to burnt regions of flames [31] . Therefore, the profiles of temperature and OH mass fraction in the field from stable combustion to extinction were monitored, shown in Figure 13 . The results show that, the trend of OH is synchronized with temperature, and we will use it to predict the flame blowout. The unburned mixture moves to bluff-body at about 10ms from the inlet according to the calculation. It is evident that the turbulent premixed flame temperature and OH drops almost immediately for the slit bluff-body. Whereas the flame was firstly attached to the flame holder for about 15ms for the traditional bluff-body at the lean blowout condition. In addition, the instantaneous temperature field distribution of traditional and slit bluffbody from stable combustion to extinction at blowout condition was simulated, depicted the 144 LES-PDF modeling of blowout analysis in slit bluff-body stabilized flames Figure 14 , it is found that the blowout progress can be divided into two stages: the generation of localized extinction (10ms) along the shear layer exists at the LBO equivalence ratio. The results show that the extinction and re-ignition event can occur randomly for several times preceding the final blowout, the flame kernel survives for about 40ms in the recirculation zone before blowout. If the re-ignition failed (30ms), flame kernel temperature will reduce lower than fuel ignition temperature and begin to move downstream, thus local extinction will lead to global extinction (50ms) as shown in Figure 14 . The simulated process is similar to the experiments [8] [9] [10] . For the slit bluff-body blowout process shown in Figure 15 , the vortex shedding mode is different with stable combustion, both BRZ and SRZ began to shed a von Karman vortices street. The blowout process can be seen as the process of two bluff-bodies strongly coupled together due to the gap flow, the large vortex shedding from BRZ will swallow the small one from SRZ and form a larger vortex. At 10ms, the unburned mixture from gap forms a λ shape (10ms) behind slit bluffbody, localized extinction exists both along the shear layer (as traditional bluffbody) and behind the gap. As the previous analysis of cold flow, the gap flow deflects to one side randomly and it moves to the other side in a regular interval, which is longer than the blowout time. Therefore, the gap flow (unburned mixture) fluctuates at upper part (13ms-50ms) and never moves across the center-line due to the thermal expansion effect of BRZ. If the two localized extinctions (shear layer and the gap) meet together, the flame of SRZ will blowout in a short time (50ms) and then will the BRZ. The blowout time of BRZ is same as traditional bluff-body.
Blowout limit analysis
For the limit of blowout prediction, the burner was remained at the stable combustion state (equivalence ratio is 0.65, inlet velocity is 10m/s, inlet temperature is 920K) and then the equivalence ratio was lowered gradually in a constant steps of delta φ, which is similar to the experimental process [8] . As the equivalence ratio was decreased stepwise, OH signal was monitored for blow out detection and we got the blowout limit when OH radical decrease to 10% [32] . Figure 16 shows the trend of the blowout limit with different gap width G. Then, the influence of inlet velocity and temperature was simulated. Evidently, 15% slit bluff-body shows the best performance of lean blowout. Oversize gap will divide the traditional bluff-body into two small ones, there is no flow and heat transfer contact and no high temperature area; for 5% gap, due to the mass flow of gap is small, the high temperature area cannot produce enough thermal energy to sustain the flame, so the performance of blowout is bad. According to the simulation, the performance of the blowout becomes bad with velocity increasing to 30m/s because the high temperature area moves to the downstream; The inlet temperature varies from 820K to 1020K and the performance of the blowout improves. The results indicate that the 146 LES-PDF modeling of blowout analysis in slit bluff-body stabilized flames 
